Abstract-The technology of micro-operation robot is not only an important component in MEMS (Micro Electro Mechanical Systems), but also a new highlight in robot technology as well. Especially, precision position technology driven by PZT actuator is indispensability part in micro-operation robot. This article focuses on precision position technology in micro-operation robot based on inertial stick-slip driving. It comes true that trans-scale micro-operation robot, with not only nanometer positioning accuracy, but also millimeter moving range even greater movement scale, has been produced. In this paper, the principle of the inertial stick-slip driving has been introduced. Besides, every phase of the process also has been described in detail. In order to uncover the movement process of inertial stick-slip driving, the mathematical model is established. The experimental prototype on the basis of principle is designed and produced. Lastly, some system parameters affecting on the velocity of the prototype have been discussed in the experiment.
I. INTRODUCTION
The micro-operation technology is mean to carry out operation, the accuracy of which can achieve micrometer or submicron, in smaller workspace by ending tools. The micro-operation system includes some parts shown in Fig.1 : 1） the microscopic vision system with higher resolution; 2) the more accurate and larger work range working stage with multi degree of freedom, as well as other auxiliary equipments; 3) the micro-operation robot's hands with multi degree of freedom, which are access to adjust the position of operated objects 4) micro-manipulator suitable for micro-objects. Every part of the micro-operation system is integrated into the micro-operation Zhenhua Wang is with the College of Mechanical and electrical engineering, Soochow University, Suzhou 215123, China (e-mail: 121890810@qq.com).
Lining Sun is with the College of Mechanical and electrical engineering, Soochow University, Suzhou 215123, China (e-mail: zhbw.hit@gmail.com).
Linsen Chen is with the College of optical engineering, Soochow University&SIP Postdoctor Station of SVG Digitoptics, Suzhou 215123, China (e-mail: mnoop@sina.com).
robot. It is common that the micro-operation robot is comprehensively utilized in fabrication of micro-components, the cell operation, micro-surgical and so on. Thus it can be seen, the precision position technology is one of the key technology in micro-operation. Generally, the system contains two stages, one of which is aim to achieve high speed and large work range, the other is to meet the requirement of high accuracy and limited work range. It is traditional that vast majority of positioning and operation are driven directly by PZT in precision positioning technology because of excellent characteristics of PZT: high positioning accuracy, fast response, large driving force and wide working frequency. Narrowly, the PZT actuator works in the lower micron, or even in the sub-micron range, that can't satisfy the requirement of large movement range. Therefore, on the basis of PZT actuator, some researchers have put forward trans-scale precision position technology, such as inchworm actuator, ultrasonic motor, macro/micro driving actuator, stick-slip driving actuator and so on. Above all, inertial stick-slip driving, which can realize smaller volume, larger range of movement and more precision motion, has better flexibility and higher integration. Therefore, precision position technology based on inertial stick-slip driving satisfies the requirement for micro-operation robot. The movement process of inertial stick-slip driving and the saw-tooth input signal are described as follow, shown in Fig.2 The system has three parts: inertial mass, PZT actuator, slider. Specifically, the precision positioning process can be divided into stepping-mode and scanning-mode, which can satisfy the long work range and high accuracy in micro-operation robot. Fig.2 shows the detail of forward motion. In the stepping-mode, the step signal ①-② , the sharply rising signal drives the piezoelectric ceramic in great acceleration motion. Meanwhile, slider and inertial mass generate different micro displacement in the opposite direction. The sum of the displacement of slider and inertial mass is equal to the deformation of piezoelectric ceramic. This is so called "slip" phase. When the driving signal is from ② to ③, the slider holds its position under the effect of friction force, while the inertial mass walks toward the direction of the slider. This is known as "stick" phase. Hereto, the model of inertial stick-slip driving fulfills a cycle of displacement △X i . Repeating the process of movement, the model can achieve the accumulation of displacement of piece of single step. The aim of large trans-scale movement comes true. In the scanning-mode, there is function relationship between Voltage Values V(t) and X scan . Approximately, the actuator function ( ) f • is linear-V(t). The displacement accuracy of PZT is very high, so the scanning-mode can reach the nanometer positioning accuracy. Under other circumstance which the form of the step signal goes down sharply, the inertial stick-slip driving system walks in the reverse direction. To sum up, the inertial stick-slip driving meets the requirement in micro-operation robot.
The total displacement of such a macro/micro arrangement can be written as
II. MATHEMATICAL MODEL AND SIMULATION Actually, the model of inertial stick-slip driving can be described as two degrees of freedom system, which is composed of slider within an attached inertial mass. As shown in Fig.3 . Where m 2 is the mass of slider, and the slider makes contact with the ground. If there was relative motion between the slider and ground, the sliding friction is F μ . Otherwise the friction is seen as static friction. Coulomb friction model is used to calculate the frictional force between the capsule and the sliding surface.
Where F f =(m 1 +m 2 )gμ, μ is the friction coefficient between the slider and the environment ground, m 1 is mass of inertial part, and X 2 is the displacement of slider.
According to piezoelectric equation:
Where ε is the strain of piezoelectric in the direction of axis dl/l=X p /(nt p ); S 33 is modulus of elasticity of Piezoelectric; σ is the stress of piezoelectric in the direction of axis; d 33 is piezoelectric constant; V in is voltage of driving; t p is the thickness of piezoelectric.
Where F p is generated by PZT and imposed on slider and inertial mass. F p can be observed as:
There is connection between slider and inertial mass by PZT. PZT is driven by input saw-tooth signal, and the voltage on both ends of PZT actuator V(t) can be expressed as:
Where V is the voltage of external electric field, R is the resistance of Charge-discharge circuits, C is equivalent capacitance of PZT. Apparently, the deformation of PZT can be described as:
There is a spring-damper element with k p and d p the spring constant and the damping constant, respectively. Moreover, X 1 represents the displacement of inertial mass. With the purpose of lengthening the service life of PZT, preload has been put in the inertial mass, and the spring constant K 1 serves as the applied load.
For the case when the force acting on the slider from the periphery system is smaller than the threshold of the friction force, as described by the following equation:
The slider keeps its still, and the equations of motion for the inertial stick-slip driving system can be written as:
Where f is the static friction between the slider and the ground, and the direction is opposite of the relative trend.
There is another situation, once the force acting on the slider reaches the critical level, i.e.
The inertial stick-slip driving is moving as described by the following equations, (the dynamic equation of inertial mass is the same with (9)):
There is a function is defined as follow:
Where H(·) is the Heaviside function
Finally, the equations as above have been transformed into uniform, which include the two phases："slip" phase and "stick" phase, in (16). 
The (16) can be briefly written as
We can approximate displacement of inertial mass X 2 with X p +X 1 in (17) to obtain the equation of motion in its reduced form as:
According to the (18), there are some vital consequences having been detected: 2 X  stand for the kinematics characteristic of slider, which has something to do with 1)F p (from exciting force of PZT),2)the friction between the slider and the substrate,3)K p , X p which are both connected with the property of PZT, 4)the elastic coefficient of preloading spring K p , 5) the deformation characteristic p X , p X  , p X  , which is up to the input signal, as shown in (7), 6)the mass of slider and inertial part. To continue in-depth study the inertial stick-slip driving system, a simple prototype has been produced and some experiments have been conducted.
For purpose of proving the veracity of the mathematical model and figure out the average velocity of the prototype in theory, the movement of the stage has been simulated by Matlab listed in Fig.4 . spring is 0.98 N/mm. To study the friction impact on the process of the movement, we screw the adjusting nut to compress or loosen the spring. Different length of spring supply different pressure on the axle, and that means different friction on the contact interface. The mass of slider and inertial part will be transformed by means of increasing or reducing the number of copper billet on each side. The movement range of the prototype is 20mm along the direction of the PZT deformation. The thrust of this prototype will reach 8N, therefore the 3D trans-scale precision positioning in micro-operation robot is easy to achieve. Each part of the thrust trans-scale inertial stick-slip driving platform is shown in Fig.5 . Figure 5 . 3D model and the prototype of inertial stick-slip driving
The movement performance of experiment prototype will be tested by the equipments shown in Fig. 6 . In this experiment, the form of wave generates by waveform generator. To test the forward velocity and the reverse velocity, two types of saw-tooth wave are imputed respectively. Moreover, we apply the external step voltage to the prototype by the PZT driving power.
When we discuss the mass of inertial part effect on the velocity of the inertial stick-slip driving prototype, the compression of spring L=15mm (adjusting the friction), the frequency of the input voltage f =1kHz, the amplitude the input voltage U=90V and the mass of slider m 2 =3.12g. The mass of inertial part m 1 is independent variable, and the velocity of the prototype ν is induced variable. The result is shown as Fig.7 . The result of experiment documented in Fig. 8 shows the mass of slider effect on the forward velocity and reverse velocity. There are some invariable parameters listed in this experiment: m 1 =4.18g, L=10mm, f=1 kHz, U=90V. The consequence is shown in Fig.11 . As can be seen from Fig.6 to Fig.10 , there is close relationship between the velocity and some system parameters, such as the mass of inertial part m 1 , the mass of slider m 2 , the friction of the contact surface, the frequency of input signal f and the voltage of input signal V. Roughly, from Fig.6 , the bigger the mass of inertial part is, the more fast does the prototype works. But the prototype walks more slowly along with the friction on the contact interface increasing in Fig.7 and Fig.8 . The conclusions from the experiments are match with the mathematic model in (18). Apparently, there is liner relationship between frequency f and the velocity in Fig.9 , the voltage in Fig.10 as well. Finally, there is different between the forward velocity and the reverse velocity. Two reasons are taken into account: 1) PZT responses differently in two types of input signal, which are sharp rising and sharp dropping. 2) The friction between the slider and the substrate is different in the forward direction and the reverse direction.
IV. CONCLUSION
Consequently, this paper has introduced the background of micro-operation robot and the precision positioning technology of inertial stick-slip driving. The idea of trans-scale precision position comes true by means of two types working mode: the stepping-mode and the scanning-mode. Our initial approach in mathematic modeling of inertial stick-slip driving has been reported. The mathematic modeling convey the information that the movement of the inertial stick-slip driving is concerned with F p (from exciting force of PZT), the friction between the slider and the substrate, the property of PZT, the mass of slider and inertial part, etc. Moreover, a large thrust trans-scale precision positioning prototype has been designed. Because of The thrust of this prototype reaching 8N, the 3D trans-scale precision positioning in micro-operation robot is easy to achieve. Lastly, we do some experiments to verify the accuracy of the mathematic model, and study some parameters effect on the velocity.
